Electromyogram (EMG) profiles strongly depend on walking speed and, in pathological gait, patients do not usually walk at normal speeds. EMG data was collected from 14 muscles in two groups of healthy young subjects who walked at five different speeds ranging from 0.75 to 1.75 ms − 1 . We found that average EMG profiles varied in a predictable way with speed. The average EMG profile for each muscle at any speed could be estimated in a simple way from two functions, one constant and one proportionally increasing with walking speed. By taking into account the similarity among profiles within functional groups, the number of basic functions could be reduced further. Any average EMG profile among the 14 leg muscles studied at all speeds in the measured range could be predicted from six constant and ten speed-dependent basic patterns. These results can be interpreted in terms of a central pattern generator for human walking.
Introduction
In many gait laboratories surface electromyograms (EMGs) are recorded routinely from patients during gait. A standard procedure is to process the recordings from a number of steps into averaged rectified EMG profiles [1] [2] [3] . These averaged profiles can be compared with standard profiles of healthy subjects obtained from the literature, the best known of which is that of Winter [4] . However, Winter's profiles only were collected at one unspecified speed and it is recognised that EMG profiles can change markedly with speed. In view of this, we wished to obtain EMG data recorded at five different speeds to cover the range of walking speeds in healthy subjects.
It is also recognised that the temporal EMG profiles of functionally related muscles can show considerable similarity [5, 6] . We also wished to investigate this effect and its relationship to speed dependency to gain insights into the control of muscle activation in automated cyclic movements.
Methods

Subjects, procedure and normalisation
Averaged EMG profiles were obtained from two groups of nine and 11 healthy young men. The division in two groups had to be made for practical reasons, but care was taken to match the personal data (age 21.99 1.5 years, stature 1.84790.049 months, leg length 0.98490.039 m and body mass 75.39 7.8 kg). EMGs of eight muscles were recorded in each group (Table 1) . Two muscles, gastrocnemius medialis (GM) and semitendinosus (ST), were recorded in both groups to check whether or not the two groups were comparable.
Subjects walked on a 10 m indoor walkway at speeds of 0.75, 1.00, 1.25, 1.50, and 1.759 0.05 ms − 1 . Average walking speed was assessed from the interval between passing two infrared beams at both ends of the walkway, 7 m apart. After each round the measured speed was compared with the specified speed and the subjects were instructed to adjust their walking speed accordingly. The walking was repeated until at least ten steps had been recorded at each of the five speeds within 9 0.05 ms − 1 . Subjects were free to select their stride length. Stride time and time of right toe-off have been given in Table 2 . To avoid the difficulty of including effects due to stature or age, the group of subjects has been chosen as homogeneously as possible. Differences in stature also complicate a comparison of speeds in between subjects. For this reason walking speed 6 will be expressed in normalised form as 6 =6/gl 0 , in which l 0 is leg length and g the acceleration of gravity [7] .
EMG recording
Surface EMGs were recorded bipolarly by MediTrace disposable surface electrodes (10× 10 mm electrode area, interelectrode distance 24 mm, Graphics Controls, Buffalo NY, USA) with SPA-12 preamplifiers (100×) directly mounted on the electrodes and a KLab postprocessor (K-Lab, Enschede, The Netherlands). The electrode pair was positioned in the lengthwise direction of the muscle. All muscles were recorded from the right leg. Electrode placements were in accordance with recommendations from the literature [8] and from the SENIAM committee [9] and are described in Table 1 .
Preamplifier specifications were \ 110 dB common mode rejection, B 2 mV rms noise level and \ 500 MV input impedance. The pre-amplified EMGs were bandpass filtered 20 Hz-10 kHz, third order Butterworth, rectified, and smoothed with a 25 Hz third order Butterworth low-pass filter. Smoothed rectified EMGs were A/D converted at 100 Hz, 12 bits. Rectified EMG values are presented in microvolts as measured at the input. The gain of the complete amplifier and post processing chain was calibrated by an EMG signal generator 'Whisper' (K-Lab). In considering the noise from amplifier and electrodes, and the cross talk from adjacent muscles, it was assumed that smoothed EMG levels below 10 mV could be considered insignificant.
Foot contacts were recorded by aluminium strips taped on heel and toe of the shoes that could make contact with the aluminium walkway.
Data processing
In a custom made program 'THEWALK' the sampled data were linearly interpolated to 100 points p per stride, triggered by the right heel contact. The recorded steps were screened to exclude those with obvious artefacts or incorrect foot contacts. For every subject i at least ten strides at every speed 6 were averaged, to give an individual average e(p, m, 6, i ). The e(p, m, 6, i ) of the 9/11 subjects in a group were averaged to obtain a grand mean for each muscle m and normalised speed 6, E(p, m, 6 ):
It will be shown in the Section 3, that the 14×5 functions E(p,m,6 ) can be approximated by a combination of a much smaller number of functions. The quality of this approximation E*(p, m, 6 ) was assessed by determining the rms error between the individual mean EMG patterns e(p, m, i ), the experimental average E(p, m, 6 ), and the estimated E*(p, m, 6 ), for a single speed 6 =0.405, 6= 1.25 ms − 1 . In order to make the amplitudes of the individual e(p, m, i ) comparable, they were normalised. First a gain factor g(m, i ) was determined by linear regression without intercept:
Then the rms error was determined between e(p, m, i )/g(m, i ) and E(p, m):
and a similar expression for E*(p, m).
Results
The correlation coefficients between the averages for these two groups were between 0.988 and 0.996 for GM and between 0.887 and 0.940 for ST, so that the two groups could be considered comparable.
EMG-speed relation
The grand average profiles showed considerable changes with speed (Fig. 1a) . Parts of the profile increased with speed while other parts did not change. As an example, the relation of three points, for p =30, 40 and 46% of stride, in GM muscle, have been plotted as a function of speed in Fig. 1(b) . It can be seen that the speed dependency can be well described by linear relations, which could be formulated as:
in which E*(p, m, 6 ) is the estimated version of E(p, m, 6 ). For each muscle, the five E(p, m, 6 ) functions, at any speed, can thus be predicted by linear interpolation from two functions, f 0 (p, m), the profile at very low speed (6 = 0.16, 6= 0.5 ms − 1 ) and a function f 1 (p, m), denoting the increase of the EMG profile per unit increase of normalised speed, Fig. 1(c and d) . The functions were determined by linear regression of the five EMG profiles against speed. The 0.16 factor has been chosen more or less arbitrarily, to give f 0 -functions that are always positive. To give an idea of the normalised speeds to be expected, a 'normal' walking speed corresponds to about 6 = 0.5. The factor (6 − 0.16) then amounts to 0.34. For the average leg length of our subjects, 0.98 m, the 'normal' speed equals 1.55 ms
There were two exceptions on the linear increase rule, one for rectus femoris (RF) and one for tibialis anterior (TA) that will be discussed below.
Correlation between f 0 and f 1 functions
On inspection it was obvious that the f 0 and f 1 functions of anatomically related muscles showed considerable resemblance. This could be confirmed by determining the mutual cross correlations. Four groups could be identified, a calf group (soleus (SO), GM, gastrocnemius lateralis (GL) and peroneus longus (PL)), a quadriceps group (vastus medialis (VM), vastus lateralis (VL) and RF), a hamstrings group (biceps femoris (BF), ST and Semimembranosus (SM)) and a gluteal group (gluteus maximus (GX) and gluteus medius (GD)). TA and adductor magnus (AM) did not show high correlations with other muscles.
Extraction of F 0 and F 1 functions
The high correlations between muscles enabled to condense the 2 ×14 f 0 and f 1 functions to a smaller set of basic patterns. For most of the non-speed dependent f 0 functions this was fairly straightforward. Each of the calf, quadriceps and hamstrings groups had a characteristic f 0 function. A representative example was selected from within these three groups, from SO, VM and ST, respectively. It was slightly 'edited', by setting parts below the noise limit of 10 mV equal to zero. The same was done with the f 0 functions of GD and AM which could not be grouped. GX had an f 0 function below 10 mV, which was thus set to zero. For the groups, the f 0 (p, m) of the remaining muscles in the group were fitted with a constant proportionality factor D 0 (m, k) to the example function F 0 (p, k) by linear regression with zero intercept:
Obviously, for the exemplary muscles D 0 (m, k)=1. The f 0 function for TA could be composed as a linear combination of the functions F 0 (3), hamstring, F 0 (4), GD stance, and a function of its own, F 0 (6). The resulting matrix D 0 has been given in Table 4 . In this way any of the fourteen f 0 (p, m) functions could be calculated from the six F 0 (k, p) functions by:
The right hand expression is in terms of a matrix multiplication, D% 0 denoting the transpose of D 0 . A final filtering with a five-point median filter was performed on the F 0 functions (and on the F 1 and F 2 functions to follow). This filter reduced noise, without affecting the slopes of the profiles. The six F 0 functions have been listed in Table 3 and depicted in Fig. 2(a) .
The F 1 (p, k) functions, Table 3 and Fig. 2(b) , were in principle selected in the same way from the f 1 (p, m) functions, but sometimes some intervention was needed. The calf, quadriceps and hamstring group each had a typical burst that occurred in all muscles of the group, k= 1, 2 and 3, respectively. Both glutei had a continuous f 1 function, with the highest values in early stance (k= 4). The D 1 (m, k) factors were determined by the equivalent of (Eq. (5)). TA had a weight acceptance burst typical for that muscle (k=6) and AM an equally typical continuous f 1 function (k= 7).
Some bursts could be discriminated that occurred in more than one muscle, but were not exclusively linked to the calf, quadriceps or hamstrings groups. SO and PL showed a prolonged activity in late swing/early stance (k= 8). In PL this activity was generally present, in nine out of ten subjects, but in SO it occurred less commonly, in two out of ten cases. SO, PL, TA and GD all showed a swing phase activity (k= 5), which has been named 'abductor swing'. SM had an activity in stance not found in the other hamstrings (k=7). GD had, in addition to the common gluteal activity (k=8), an additional weight acceptance peak, similar to those of the quadriceps group (k= 4).
BF showed a peak at the onset of swing, around 60%, that did not fit in with the linear relationship (Eq.
(1)). It was absent at low, but very prominent at higher speeds. At the intermediate speed of 1.25 ms − 1 it was present in five out of nine subjects. It was found that this peak could only be fitted in a satisfactory way by a quadratic relationship with speed. This burst was thus placed in a separate F 2 function. The complete fitting function, the combination of Eqs. (4) and (6) and then extended with a quadratic term becomes:
The D 0 , D 1 and D 2 matrices have been given in Table 4 . e(p, m, i ) and E(p, m) , average over all subjects, and between e(p, m, i ) and E*(p, m) respectively, all for a single speed of 1.25 ms − 1 . On inspection, the greater part of the difference between E*(p, m) and E(p, m) was related to the 'noise level' in the periods of inactivity between the bursts. Fig. 1(d) gives measured and predicted profiles for GM at 1.25 ms
Quality of the predicted profiles
. The prediction according to Eq. (4) has also been shown.
Discussion
EMG -speed relation
The approximation Eq. (4) was very good, and that by Eq. (7) only slightly less ( Fig. 1(d) and Table 5 ). The difference between the measured and the estimated grand mean (first column of Table 5 ) ranged from 3 to 15 mV rms. It is seen, however, that the differences between the individual EMG profiles and the average profile (second column of Table 5 ) were in most cases considerably larger, showing that the predicted average profile was only slightly less accurate than the measured average with respect to the individual profiles (third column compared with second). As a consequence, normative EMG profiles for any speed can be obtained by interpolation in this way (Eq. (7)). The availability of normal EMG profiles, closely matched to the actual walking speed, can be helpful in discriminating between normal and abnormal profiles in clinical studies [10] . The only study, to our knowledge, in which EMG profiles have been recorded for a range of speeds is from Nilsson et al. [11] who recorded over a wide range of speeds of 0.4-3 ms − 1 for walking and 1.0-9 ms − 1 for running. Many profiles were presented and the global increase of integrated and peak EMG with speed was documented. They did not, however, predict the complete profile from linear regression at every point (Eq. (4)).
The selection of the F 0 , F 1 and F 2 patterns from the f 0 and f 1 functions has a subjective component. For the calf, quadriceps and hamstring group we consider the selection reasonably unequivocal. For the majority of muscles of these groups there was only one f 0 and one f 1 function to choose from. Some muscles, SO, RF, SM, had definite additional patterns. For muscles like GD and TA, the profiles of which are composed in our proposal of four or five patterns, it is possible that alternative selections might have done equally well.
The argument of arbitrariness also holds for the proposed nomenclature in Table 3 . We have tried to use more or less functional names, where possible to agree with existing nomenclature. Further discussion of the functional interpretation of the various EMG profiles it available in the literature [4, 12] . Table 2 ). Many of the patterns are high around RHC, for this reason the horizontal scale runs from 0 to 100 to 50%.
The early swing peak of BF (F 2 ), with its abnormal quadratic velocity dependence, was recently investigated by Nene et al. [13] who found that it was closely related to shank acceleration. In addition to its function as a hip flexor, RF seems to decelerate the knee flexion in early swing that is initiated by hip flexors and triceps. This explains why it is apparent only at the highest speeds.
A new finding, to our knowledge, is a common 'abductor swing' pattern F 1 (5), which could be discriminated in GD, TA, PL as well as in SO, although at a very low level. Its function might be to give some outward movement of the swing leg. This pattern in SO was not due to cross talk from TA or PL, as the SO electrodes were placed deliberately on the medial side, at a considerable distance from TA and PL. Moreover, in isolated dorsiflexion and eversion, no signal of comparable magnitude was seen. Functionally, SO activity might be an antagonist action against TA and serve to stabilise the ankle in swing.
A further subjective element is the choice of normalised speed 0.16 (0.5 ms − 1 ) as the point at which f 0 is calculated (Eq. (4)). Our main argument is that, with this choice, all f 0 are positive. Another choice is possible, but it would change the form of the f 0 and f 1 functions. A case in point is the glutei. GX has an f 0 close to zero, while GD has a distinct pattern F 0 (4). Both have a common F 1 (4) pattern that bears some resemblance to F 0 (4). An alternative description might thus be given, with less basic patterns, but a variable threshold speed. Such a non-linear model would miss the simplicity of the present F 0 -F 1 model, however. For extremely low speeds, below 0.5 ms
it cannot be expected that the linear speed dependency will hold. An investigation of this speed range may be useful, even if it is questionable whether the See text at Eq. (7). The entries denote: the average EMG profile for, e.g. RF at normalised speed 6 can be obtained by the addition of 1.31
EMG patterns at these low speeds can still be called walking patterns.
Filtering of rectified EMG
In the earlier study of Winter [4] the EMGs had been filtered by a 3 Hz low-pass filter that simulates muscle mechanical properties, with the effect that the filtered EMG looks similar to the isometric muscle force [14, 15] . This is very instructive, but has a number of drawbacks. First, the temporal characteristics of the EMG profiles are rather 'smeared out'. From our results it is seen that several profiles show very abrupt endings, such as GM at 50% (Fig. 1) or TA at 7% (Fig.  3a) . The TA decline amounted to a 50% decrease over 1% of the cycle. This is half the falling rate of the smoothing filter (3rd order Butterworth, 25 Hz) applied here. In addition, a timing error of the foot contact due to the 100 Hz sampling frequency of 9 5 ms should be taken into account. The conclusion is that the cut-off frequency of low-pass filter cannot be made much lower than 25 Hz without degrading the fastest transients of the rectified EMG in human leg muscles. A second argument against 3 Hz filtering is that muscle actions in walking are in general not isometric in the sense that origin-insertion length changes and speeds are small with respect to the force-length and force-velocity relations of the muscles [15] . When preferred, the 3 Hz filtering can still be applied to the E*(p, m) signal afterwards cf. Fig. 3(b) . When this is done, a comparison with the data of Winter [4] is possible. The general form and timing of all profiles showed good agreement, but the amplitude of Winter's profiles was 1.3 to 3.5 times higher.
Central pattern generator
The finding that the EMG profiles of many muscles at a wide range of speeds can be represented by addition of few basic patterns is consistent with the notion of a central pattern generator (CPG) for human walking. Convincing evidence for such a CPG in vertebrates is well established [16, 17] , but its importance for human gait is still debated [18] . The EMG findings in this paper are too indirect to give more than supporting evidence on the existence of some form of CPG in . Note the steep edge around 6%, which is very reproducible across speeds. The onset of activity just before swing advances from 63 to 56% with speed. This is the only example found in our data of a shift in timing that could not be explained by the increase of the F 1 pattern with speed. EMGs were filtered after rectifying by a 25 Hz third order Butterworth low-pass filter. Vertical dashed lines give time of right heel contact (RHC)=0 =100%. Vertical dotted lines give range of right toe-off (RTO). The timing of his event changes with speed (see Table  2 ). (b) Same TA profiles, but now filtered with the 3 Hz critically damped low pass filter as described by Winter [4, 23] .
ally connected to ensure that the cycle is completed in a fixed order and at fixed relative timing within the cycle. The cycle, in its turn, is time-locked by sensory input to the mechanical movement. Finally, sensory feedback ensures that adequate reflexes counteract disturbances. It has been shown in theoretical studies that a neural network with these properties can indeed generate stable two-legged locomotion [19] .
One aspect of such a CPG scheme is not apparent from the presented EMG data: the role of reflexes. It is well established [18, 20, 21] that the activity of many leg muscles in locomotion is in part due to reflexes, the gains of which are modulated in the course of the gait cycle. The EMG profiles represent averages over many steps and many subjects. Average EMG profiles can only give the average activity, and cannot discriminate whether the activity was directly programmed or resulted from indirect reflex action.
An effect that can be explained by a CPG model is the finding that the relative timing of the EMG profiles did not change with speed. At higher stride frequency the patterns are just played faster, but they did not shift in phase. This in spite of stride time decreasing from 1.6 to 1.0 s from the lowest to the highest speed ( Table 2 ). The advancement, for example, of GM activity with speed ( Fig. 1a) can be completely explained by the increase of the F 1 (1) pattern with speed. In the muscles investigated only one exception to the rule of constant relative timing has been found, the TA activity in Fig. 4 . Neural network that can explain the finding that the EMG profiles can be decomposed into a small number of basic patterns F 0 , F 1 and F 2 . A Central Pattern Generator is assumed that consists of two sets of half-centres bursting at specific intervals of the walking cycle. One set, corresponds to the F 0 patterns and is activated by a on/off signal 'walk'. The other set corresponds to the F 1 and F 2 patterns and is activated by a graded signal 'speed'. The outputs of both half-centres connect to the ipsilateral motor unit pool, with synaptic loadings proportional to the entries in the D 0 , D 1 and D 2 matrices. It is supposed that there is proprioceptive feedback to correct for disturbances and to time-lock the CPG cycle to the actual movement. An identical set of half-centres, running in counterphase, is assumed for the contralateral side.
humans. On the other hand, when such a CPG is assumed, it explains some phenomena that are much harder to interpret with alternative schemes of motor control. Fig. 4 shows the diagram of a neural configuration that is able to represent the experimental findings as summarised in Eq. (7). Two higher commands descend to the CPG, one on/off command 'walk', and one graded 'speed' command. These two commands each drive a number of cell groups bursting at fixed phases of the gait cycle, representing the six F 0 and ten F 1 and F 2 functions, respectively. These cell groups are mutu-swing, see Fig. 4(a) . The onset of this pattern F 0 (6) advanced from 63 to 56% with a speed increase from 0.75 to 1.75 ms − 1 , in all cases 4-5% before right toe-off (cf. Table 2) .
A second finding in agreement with a CPG is the fact that related muscle groups showed activity profiles that were composed of the same basic patterns, but in a different proportion. For example, the profiles of the calf group, SO, GM, GL, PL all contained the patterns F 0 (1) and F 1 (1) , but the respective entries in D 0 and D 1 were different. Similar effects were seen for the vasti and hamstring groups.
Varraine et al. [22] instructed subjects to make one extra long or extra short step when walking on a treadmill. The modulations in the EMG profiles they report are very similar to what would be expected from a temporary modulation of the F 1 patterns, as predicated by our CPG model.
The main purpose of this paper was to present a set of normal EMG profiles, covering the usual range of walking speeds for use in clinical studies. Nevertheless, it is hoped that the decomposition into a small set of basic patterns, as presented here, may serve further in understanding motor control in human walking.
